A thorough reconstruction of historical processes is essential for a comprehensive understanding of processes shaping patterns of genetic diversity. Indeed, past and current conditions influencing effective population size have important evolutionary implications for the efficacy of selection, increased accumulation of deleterious mutations, and loss of adaptive potential. Here, we gather extensive genome-wide data that represent the extant diversity of the Coho salmon (Oncorhynchus kisutch) to address two objectives. We demonstrate that a single glacial refugium is the source of most of the present-day genetic diversity, with detectable inputs from a putative secondary micro-refugium. We found statistical support for a scenario whereby ancestral populations located south of the ice sheets expanded in postglacial time, swamping out most of the diversity from other putative micro-refugia. Demographic inferences revealed that genetic diversity was also affected by linked selection in large parts of the genome. Moreover, we demonstrate that the recent demographic history of this species generated regional differences in the load of deleterious mutations among populations, a finding that mirrors recent results from human populations and provides increased support for models of expansion load. We propose that insights from these historical inferences should be better integrated in conservation planning of wild organisms, which currently focuses largely on neutral genetic diversity and local adaptation, with the role of potentially maladaptive variation being generally ignored.
Introduction
Salmonid fishes are economically important species that have suffered recent demographic declines [30, 31] . This is particularly the case for Coho salmon (Oncorhynchus kisutch), one of the five anadromous species of Pacific salmon that supports important recreational and indigenous subsistence fisheries, and which has suffered dramatic population declines (> 90%) over the last three decades in parts of its range [32] . A previous study investigated the range-wide population structure and demographic history of the species and found a cline of decreasing diversity from south to north, as well as some endemic diversity in small putative refugia [33] (see also [34] ). This study indicated that Coho salmon may have survived the last glacial maximum (LGM, i.e. the Fraser Glaciation in British Columbia, and the McConnell/McCauley Glaciation in Yukon and Alaska; 23 to 18 Ky ago) in unglaciated areas of Haida Gwaii and Beringia in addition to areas south of the ice sheets. This study, however, predates the genomic era and could not eliminate alternative hypotheses regarding the origin and number of glacial refugia during the LGM. In North America, the species is currently distributed from California to Alaska [35] . Unglaciated areas that could potentially serve as glacial refugia persisted both north (e.g. the Beringian refugium in Alaska, the Yukon Territory of Canada and areas of Asia and the Bering Land Bridge) and south (e.g. all of the deglaciated area south of British Columbia, Canada) of the ice sheets [35] [36] [37] . Other unglaciated areas (e.g. Haida Gwaii in British Columbia) could also have been micro-refugia [38, 39] . In this context, distinct demographic scenarios can be tested. Under a first scenario whereby populations expanded north from a single southern refugium, we predict: i) a latitudinal decrease in genetic diversity from south to north along with a pattern of isolation-by-distance (IBD), and ii) ancestral populations located in areas south of the ice sheets. Under a second scenario, populations expanded south from a single northern refugium, and we predict the opposite geographic pattern. The third scenario corresponds to the survival of populations in different refugia where we predict: i) the existence of clearly distinct genetic clusters, and ii) postglacial gene flow with signatures of secondary contacts, with contact zones displaying higher genetic diversity through postglacial admixture between different genomic backgrounds.
In order to test these alternative scenarios, we generated genome-wide data from nearly 2,000 Coho salmon from California to Alaska, one of the most extensive genomic datasets for a non-model vertebrate species to date. First, to resolve the species demographic history, we used a modelling approach that accounts both for barriers to gene flow affecting migration locally, and for linked selection affecting the rate of drift. Finally, we hypothesized that demographic history shaped the pattern of deleterious mutation load, both within and among populations. We hypothesized that postglacial re-colonisation influenced levels of standing genetic variation and favoured the accumulation of deleterious mutations at the expansion front. In these conditions, we predicted that neutral genetic diversity should decrease as a function of the distance from the ancestral populations. 
Results & Discussion
Latitudinal gradient in nucleotide diversity Figure 2 ) Gradients of genetic diversity and differentiation A) Linear relationship between expected heterozygosity and distance from the southernmost population located in California. B) Linear increase in genetic differentiation as measured by βST as a function of the distance from the southernmost population located in California. Negative values indicate the most likely ancestral population. The relationship in A and B was tested using linear models. The grey vertical bar in panel A and B) indicates the approximate location of the southern limit of the ice-sheet at the end of the last glacial maximum.
To investigate the distribution of genetic diversity and population differentiation, we sampled 1,957 Coho salmon from 58 sampling locations throughout their entire North American range from California to Alaska (mean n = 34 fish per location, Fig. 1a , S1 Table) . Samples were genotyped using a genotyping-bysequencing (GBS) method that generated 82,772 high quality filtered single nucleotide polymorphisms (SNPs). Consistent with earlier work based on non-genomic data, our analyses indicate that the southernmost populations are the most ancestral and suggest that a single southern refugium explains most of the observed patterns in the distribution of genetic diversity. Under a single refugial expansion scenario, one would expect genetic diversity to be highest in the ancestral refugium and a linear decrease as a function of the distance from the source, as documented in humans [40] . To test this prediction, we plotted the distribution of genetic diversity as a function of the distance to the southernmost sample in our data. As expected, levels of genetic diversity (observed and expected heterozygosity, πSNP) were highest in formerly deglaciated refugial areas in the south (California, Cascadia, Fig. 2a, Fig 1b) and decreased as a function of distance from the southernmost site up to Alaska (r = 0.64, p < 0.0001, Fig. 2a, S1 Fig, S2 Fig.) . Two populations however deviated from this linear pattern (Clackamas R in Cascadia and Upper Pitt R. in BC) and displayed higher genetic diversity than the Southern samples. We hypothesized that these two rivers may have undergone recent admixture from differentiated genetic clusters, locally increasing genetic diversity. Recent admixture between populations from several refugia can produce increased genetic variation [41] , which could explain why most ancestral populations (relict populations from the refugia) are not systematically those displaying the highest genetic diversity. The Thompson River watershed (Thompson R. hereafter) in southern British Columbia was an exception to this latitudinal pattern and displayed the lowest average level of regional genetic diversity of all sampling locations, which we hypothesized resulted from bottlenecks (see below). The remaining samples from British Columbia were intermediate in genetic diversity.
Present-day southern populations are the most ancestral
To help discriminate a single versus two population refugia, we aimed to identify the most ancestral populations among all samples. Under a single scenario refugium, the ancestral populations should be located preferentially in one area (e.g., South or North), whereas under a two-population scenario, we expected ancestral populations to occur in different areas located at both edges of the species' distribution range (Beringia covering most of Alaska and the Yukon being known as an important glacial refugium for many species (reviewed in [2] [3] ). To discriminate between these alternative scenarios, we used two simple summary statistics, namely (1) the distribution of singletons among populations, and (2) the βst index recently developed in [42] . It was previously shown that older populations are expected to have accumulated a higher density of singletons [43] . Therefore, counting the number of singletons by sampling site and averaging by regional groups helped identify older populations. Cascadian samples contained the highest number of singletons, with a mean of 1,263 singletons per site, consistent with the hypothesis of a refugium being present in this region. Californian samples had the fewest number of singletons (n MEAN = 55) while Alaska harboured an intermediate density (nMEAN = 966). We hypothesized that such reduced number of singletons in a few Californian samples reflects recent and strong population declines in some of these populations [44, 45] .
Next, we used the βST coefficient to identify ancestral populations [42] . Unlike FST estimates [46] , βST can account for the non-independence among populations and negative values are indicative of ancestral populations [42] . More specifically, the βST coefficient will be negative when a population has accumulated many private alleles at low to intermediate frequencies and the intensity of this value is dependent on the number of sampled populations [42] . As for singletons, older populations and populations of larger effective size have more time to accumulate rare alleles, resulting in negative values, as illustrated in human samples from Africa (see details in 42). Here, the βST indicated that the likely ancestral populations were in previously unglaciated areas corresponding to Cascadia (n= 5 localities), California (n = 3 localities) as well as one site from southern British Columbia (Fig. 2b, S2 Table) . A linear decrease in βST with distance from the southernmost site was observed (r = 0.60, slope = 1.03e-04, p <0.0001) as expected under isolationby-distance (IBD). Support for this IBD pattern was also observed using FST (S3 Fig, r = 0.66, slope= 4e-05, p < 0.0001) as well as Mantel tests (r = 0.64, p < 0.0001; and r = 0.72, p < 0.0001 when removing Thompson R. populations). As for genetic diversity, the river CLA in Cascadia and UPT in British Columbia departed from the pattern and displayed the most negative coefficients ( Fig. 2b) . Finally, average pairwise FST across all populations was 0.095 and varied from 0.002 to 0.334 (S4 Fig) , typical of anadromous species connected by gene flow [47] .
To further confirm the number of putative refugia and better understand the extent of divergence among populations, we performed a principal components analysis (PCA). PCA can be used to summarize the distribution of genetic diversity with different expectations under discrete models of population genetic structure (as expected with different refugia) versus IBD under a one-or two-dimensional habitat model. Assuming K clusters, we expect that the top K-1 PCA axes should discriminate all these clusters [48] . On the contrary, under models of IBD, the top two axes should be correlated with geographical axes such as the longitude and latitude of populations' locations [49] . Consistent with this latter hypothesis, we observed that the first axis was strongly correlated with latitude (r = 0.77, p = 2e-16), whereas the second axis was strongly correlated with longitude (r = -0.54, p = 2e-16). The result of the PCA (Fig. 3a , see also S5 Fig ) is therefore consistent with a South to North spatial pattern of genetic structure, with the most divergent samples found in California, and a second geographical gradient from East to West, mainly reflecting the pronounced differentiation of the Thompson R. populations. Along these axes, populations followed an IBD pattern. These results were also supported by an MDS analysis (S6 Fig). A model-based analysis of population structure implemented in LEA [50] failed to reveal a clear number of distinct populations (K value). Instead, K values ranging from 30 to 60 all fit the data well (S7 Fig) , providing little insight on the number of ancestral clusters in the data due most likely to the confounding effect of IBD [51] . While all these summary statistics lend support to the hypothesis of an expansion from a single ancestral refugium, a formal testing of alternative scenarios is required as the signature of secondary contact can be transient and both models of secondary contact and stepping stone can converge to the same IBD signal and apparent demographic equilibrium [10] . 
Evidence for gene flow among Coho salmon populations
In order to infer both population splits and past or ongoing gene flow events irrespective of the phylogeny, we used Treemix [52] (Fig. 3b) . A first tree assuming no migration (i.e. drift only) explained 98.1% of the variance observed. Including up to four significant migration events (p <0.0001) explained over 99.1% of variance, and the proportion of explained variance subsequently plateaued when adding additional migration events (S8 Fig) . Populations from Cascadia occupied basal positions. California populations displayed pronounced genetic drift, corroborating the high divergence observed in the PCA. Populations from Alaska (MSL River) and Thompson R. also displayed higher genetic drift, in line with evidence based on analyses of genetic diversity and genetic structure. The two most supported migration events occurred from Cascadia south to California and north to the Thompson R. We note that populations followed the south to north arrangement, with the samples from Cascadia displaying less drift than those located further north.
Colonisation wave from a single major southern refugium
In order to formally assess the occurrence of one or more refugial origins for contemporary populations, we performed explicit model-based inferences of population divergence scenarios using ∂a∂i [53] and Fastsimcoal [54] . ∂a∂i was used to perform pair-wise population comparisons in order to 1) consider the confounding effects of linked selection and barriers to gene flow, and 2) calibrate a multipopulation model to be used in Fastsimcoal. Under a model of a single refugium, either northern or southern, we expect to find support for a model of recent or ongoing divergence with gene flow (isolation with migration or IM) when comparing neighboring pairs. Following this hypothesis, IM models should be the best supported because the divergence time between the different populations should be recent, thus resulting in recent inferred divergence times. In addition, these populations are expected to still be connected by ongoing gene flow. Under a scenario with two ancestral refugia, we predict that comparing Alaskan populations (i.e. assuming that Coho survived in the Beringian refugium) to other genetic groups should reveal signals of secondary contact (SC). In addition to this evidence for postglacial gene flow, one can expect to infer a long divergence time between Alaskan populations and the rest of the populations. Finally we completed our inferences with a null model of strict isolation (SI) where populations would never have exchanged gene and a model of ancient migration (AM) where populations exchanged gene at the early stage of divergence only.
In order to reduce the number of pairwise comparisons and thus reduce the possibility of spurious results, we pooled individuals into higher order groups based on the PCA results ( Fig. 2a and S9  Fig) . The following six groups were constructed (named according to geographic labels): 1) California group 1, 2) California group 2, 3) Thompson 4) Cascadia 5) British Columbia and 6) Alaska. To avoid over-fitting of complex models, we performed model selection hierarchically. First, we compared all models (AM, IM and SC, SI) represented in S10 Fig. Our models account for the confounding effects of selection at linked sites and that of the accumulation of local barriers to gene flow in the genome, two potential confounding factors that can lead to erroneous interpretations when they are not explicitly taken into account [12, 17] . We then compared Alaskan samples to all other groups (n = 4 pairwise comparisons). Then we compared the Thompson R. populations, which display an unusual pattern of reduced diversity and divergence from all other groups (n = 5 pairwise comparisons), resulting in a total of 9 pairwise comparisons.
Our inferences provided considerable support for an expansion from a single major refugium. Indeed, our analyses support models of divergence with ongoing gene flow between Alaska and all the other groups in three out of the four pairwise comparisons involving Alaska (S11 Fig for model fit and residuals and S3 Table; WAIC > 10; with the notable exception of Thompson, see below). These results are inconsistent with a Beringian refugium, or at least a contribution of these northern populations to the presentday within-species variation. One out of the 4 comparisons ("California 1" versus "Alaska") provided support for secondary contact. We hypothesize that this might be a false positive that highlights the wellknown difficulty of distinguishing models of secondary divergence from primary divergence. Indeed, these two classes of models can quickly converge to the same state as observed here, namely large-scale isolation   292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340 by distance and apparent equilibrium [10] . Interestingly, when any group is compared to Thompson R., all inferences find unambiguous support for postglacial secondary contact (S3 Table) , suggesting that the Thompson R. might have been a second refugium or, alternatively, that the populations from this area were established from another refugium. The relative isolation of the Thompson R. would therefore be consistent with the lower genetic diversity observed in each local population within this area. It is noteworthy that in all models with support for secondary contact, the relative time of secondary contact represented on average 10% of the total divergence time. This proportion provided ideal statistical power to discriminate among models of divergence with continuous gene flow versus allopatric divergence followed by gene flow. Indeed, the signal of allopatric divergence is expected to be lost if gene flow was initiated too long in the past [17, 55] .
Statistical support for ancestral expansion followed by recent demographic declines across all populations
We added a second layer of complexity by incorporating changes in population size in the models namely, expansions or bottlenecks. We hypothesized that these changes are likely to arise following postglacial expansion or through serial founder events during the recolonization process. We chose the best models identified through weighted AIC (S3 Table) and performed a round of parameter estimation. A salient result was that all populations exhibited a signature of expansion from the ancestral refugial population, with the effective population size at the divergence time being approximately 12 times higher than the ancestral population ( Fig. 4) . Then all populations declined to approximately 10-12% of their initial size ( Fig. 4) . More precisely, assuming a generation time of 3 years [56] and a mutation rate of 8e -9 bp/generation [57] , our analysis inferred remarkably similar ancestral effective population sizes across all our pairwise comparisons (approximately 15,000 Fig. 4, S4 Table) . Then we recovered a signal of expansion, with stronger expansion signals inferred in Cascadia and Alaska (Fig. 4) . However, we observed some uncertainty in these parameter estimates (S5-S6 Table) . This was expected because of the limited information available from the site frequency spectrum [58] [59] . Moreover, we hypothesized that the life history trait of the species, particularly its strong natal homing behaviour [60] may result in different local evolutionary trajectories. Admittedly, such unmodelled process may further complicate the interpretation of demographic parameters. 
Demographic inferences support glacial population isolation and recent postglacial recolonization
Our demographic inferences provided highly consistent divergence time estimates among all models and populations ( Fig. 4) 342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369   370   371  372  373  374  375  376  377   378  379  380  381  382  383 contact (SC) among all models involving the Thompson R. was 13.5 Kya [min 9,200 -max = 20,100], corresponding to the onset of the last glacial retreat ( Fig. 4) , supporting the idea that the Thompson R. has evolved in isolation from the remaining populations for a long period of time. All models incorporating linked selection and restricted introgression along the genome always received the highest support. Here we modelled the effect of linked selection assuming that it can be approximated as a reduction of Ne in regions of low recombination [15] . Our inferences revealed that on average, 40% of the genome was undergoing reduced effective population size (Hill Robertson Factor in S4 Table, Fig. 4) . Accordingly, the Ne values were reduced to approximately 20 percent of their initial values depending on the considered population (i.e. Hrf factor in Fig. 4) . Obviously, the magnitude of the reduction would require further investigation as quantifying the effect of linked selection is likely more complicated than a simple rescaling of Ne. Still, these results provided increased support for a role of linked selection affecting the estimation of demographic parameters [17, 61] and potentially shaping the species' genomic landscape. Quantifying how background selection affects the species' genome and shapes the genomic landscape of divergence is beyond the scope of this study and awaits further investigation. Finally, intrinsic barriers to gene flow reduced the estimated migration rate to nearly zero inside genomic islands and affected approximately 47% of the genome (Fig. 4, S6 Table) .
To consolidate inferences made from ∂a∂i we constructed a global model in Fastsimcoal. To limit the confounding of barriers to gene flow [11] , linked selection [12] or gBGC [16] , we restricted our jSFS to areas of high recombination, as inferred by LDHAT [62] from whole genome sequences (unpublished data). Results largely validate our ∂a∂i inferences and provide rich information regarding population founder events toward the north followed by expansion as detailed in Supplementary Note S1 and S12 Fig. In summary, our results best supported a scenario whereby contemporary populations mainly originated from a single major ancestral refugium located south of the ice sheets in Cascadia/California, followed by a postglacial expansion and population divergence along the South to North recolonization axis. As a consequence, we expect that the South-North expansion should favour the accumulation of deleterious mutations at the expansion front toward the north [63, 64] , but also with the possibility for a pulse of deleterious variants from the isolated populations from the Thompson River watershed when they came into secondary contact with other expanding populations.
The recent evolution of Ne shaped the current mutation loads Our above demographic reconstruction revealed expansion from a major southern refugium. Consequently, we hypothesized that such a history has generated significant differences in the deleterious mutation load among populations, consistent with patterns documented in human populations [63] [64] [65] . Therefore, we hypothesized that populations having undergone a strong expansion following a bottleneck should display a higher load than populations of more constant size. Under this hypothesis we predicted a negative correlation between Tajima's D, a classic population genetics statistic capturing population demography changes and the ratio of non-synonymous to synonymous diversity (πN/πS), a commonly used proxy for the deleterious mutation load [66] . Accordingly, πN/πS was significantly and negatively correlated with Tajima's D (Fig 5, R² =0.65, p = 1e-15, slope = 3.5). 384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406  407  408  409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426   427  428  429  430  431 Considering our demographic inferences, this result illustrates how the postglacial recolonization changed local effective populations and shaped the present-day deleterious load variation among these populations. Interestingly, even after excluding the two most highly loaded populations (Clakamas and Upper Pitt River in Cascadia and BC respectively), the relationship between the π N/πS and the Tajima's D still remain strong (R² = 0.42; p = 4e-8, slope= -2.7). Our results suggest that the Clackamas River populations exhibit higher levels of admixture with the Thompson R populations (details in S13 Fig) .
As a consequence, we hypothesize that the post-glacial secondary contact with this population contributed to the introgression pulses of maladaptive alleles that are still detectable nowadays. This raises exciting future research questions regarding the role of past introgression and the maintenance of deleterious alleles [67] . It must however be noted that the Tajima's D values were more randomly distributed than expected under a strict model of population expansion from the South (assuming a linear decrease with distance, S14 Fig) , suggesting additional sources of variation that remain to be identified and their effect evaluated.
Genetic surfing of deleterious mutations during the postglacial recolonization
One expected consequence of a postglacial recolonization is associated with the possibility for neutral and deleterious mutations to surf at the expanding front [63] . This situation occurs because populations at the expansion front exhibit smaller sizes that prevent the efficient purging of deleterious variants. Theory predicts (i) a higher recessive load (measured as the proportion of homozygous derived deleterious mutations) at the expansion front and (ii) an approximately constant total load (which can be approximated by the total number of derived deleterious mutations under an additive model [28, 63, 65] . We found support for these predictions.
First, we found a nearly linear relationship between the distance to the candidate source (defined as the one with the lowest βST and highest diversity) and the recessive load (linear models, p<0.003; R2= 0.13, Fig. 6 a) , validating theoretical expectations from range expansion [65] . This latter analysis was performed with PROVEAN [68] based on a total of 1,297 deleterious mutations for which we were able to identify the derived allele using the genome sequences of the 1) Chinook salmon (Oncorhynchus tshawytscha) [69] , 2) Rainbow trout (O. mykiss) [70] and 3) Atlantic salmon (Salmo salar) [70] (see methods). Second, and as expected, the total load was not significantly correlated with the distance to the source (R² =0.02, p = 0.96, Fig. 6b ). Since PROVEAN is primarily designed for Human and Mouse (although it has been used successfully in non-mammalian studies [71, 72] , we also plotted the distribution of πN/πS as a function of the distance to the southernmost site. The πN/πS ratio was significantly correlated with the distance from the southernmost site (Fig. 6c , p = 0.05; R² = 0.05, for all populations).
After excluding Clackamas and Upper Pitt populations (hypothesized to display increased load due to admixture), the correlation significantly increased (R² = 0.2, p = 0.0003, slope =2.395e-05). Third, we observed significant differences in the derived allele frequency (DAF) at predicted deleterious non-synonymous mutations among regions (Kruskal-Wallis chi-squared = 100.57, df = 5, p-value < 2.2e-16) as well as among populations (Kruskal-Wallis chi-squared = 638.59, df = 57, p-value < 2.2e-16, S11 Table) with higher values indicative of less efficient purging (See supplementary Fig S15-S18 and S9-S10 Table for details). To the best of our knowledge it is the first time that such correlations between different proxies of the load and distance to the putative refugial origin are reported other than in studies on humans [28, 64] and a few in plants [73, 74] or bacteria [75] . As such, our two major results regarding Tajima's D and the evolution of expansion load as a function of the distance aligned perfectly with the inferred expansion history and recent change in effective population size in each local population .   432  433  434  435  436  437  438  439  440  441  442  443  444  445  446  447  448  449  450  451  452  453  454  455  456  457  458  459  460  461  462  463  464  465  466  467  468  469  470  471  472 473 474
Figure 6) Expansion history and geographic pattern of deleterious mutation load: Correlation between the distance to the southernmost site and the deleterious load measured as (πA) the distribution of homozygous derived putatively deleterious mutations (πi.e. recessive load). B) the total load expected to be approximately constant among all populations) and C) the πN/ππS ratio.
Finally, a general prediction from population genetic theory is that deleterious mutations in a heterozygous state should be more frequent than in a homozygous state, especially in populations with higher effective sizes, where selection should be more effective at purging mutations with increased homozygosity [19] . Accordingly, we found that 77% of deleterious mutations were maintained in heterozygous states across all samples, as reported in other species [71] . Also, salmon from Alaska, Haida Gwaii, and California populations harboured a significantly higher number of deleterious mutations in a homozygous state when compared to Cascadia or British Columbia (Wilcoxon-test, p < 0.01) (S12a Fig, S11  Table) , a result that is in line with our finding of increased expansion load in Fig 6a. When considering the total load of derived deleterious mutations, we found that, on average, there were indeed significantly more putatively deleterious variants per individual in California, Cascadia, and Haida Gwaii populations than in fish from Alaska, British Columbia, or the Thompson R. watershed (S10 and S11 Table, 
S12B Fig,
Wilcoxon-test, p < 0.01), although these differences were modest. Accordingly, we observed that πN/πS varies as a function of the levels of nucleotide diversity (πS). We indeed found a positive relationship between πN/πS and πS (slope = 175.5; R² = 0.45, p < 0.0001, S19 Fig) . We note again the same two populations (Clackamas River & Upper Pitt) were strongly contributing to the linear regression. However, the relationship remained significant after their exclusion (R² = 0.10, p < 0.0078). This result provides increased support for our above findings that populations with higher effective population size also displayed a higher deleterious load when considering mildly deleterious variants in heterozygous states (those that are more likely to contribute to πN). This suggests that strongly that deleterious mutations are efficiently purged in populations of large Ne while mildly deleterious mutations would still segregate at appreciable frequency [23] , as observed elsewhere [21, 22, 26] The role of historical demography in generating differences in the mutation load at the population level remains debated among evolutionary biologists, particularly among human geneticists [7, 9, 28, 29, 76] . Our results are however consistent with the nearly neutral theory and the accumulation of deleterious mutations in populations on the expansion front, thus producing a so-called expansion load [63, 65] . It is noteworthy how well our findings mirror the 'out-of-Africa' expansion model of human populations [77] , despite the fact that the investigated geographic distance for the Coho salmon is an order of magnitude smaller than that involved in the human studies, and that the presence of additional smaller refugia such as Thompson R. (as opposed to the sole African ancestral origin for humans) led to more challenging inferences. table S5 and table S7. LGM = approximate start time of the Last Glacial Period [93] . Beringia was unglaciated during most of the pleistocene [94] . See results for details of the grouping.
Conclusion
In this study, we provided rare evidence of how demographic modelling can provide valuable information for conservation genomics. We found considerable statistical support for a recent postglacial demographic history in the Coho salmon, consistent with a main southern refugium, which generated relatively simple latitudinal gradients in nucleotide diversity and mutation load. Complex demographic processes including past population expansions or periods of isolation and secondary contact, have also been reconstructed with state-of-the-art demographic modelling methods. This was made possible by jointly considering the confounding impact of linked selection for such demographic reconstructions. Altogether, this postglacial history, as well as some additional demographic changes, have influenced the efficacy of selection and favoured the accumulation of deleterious mutations in the most distant populations from the main refugium (Fig 7) . Using the Coho salmon as a case study, we demonstrated how these approaches are meaningful for conservation genomics and provide opportunities to disentangle the impacts of historical vs. contemporary drivers of population declines. Such investigations also allow assessing the distribution of all selected variants, including not only the beneficial, but also deleterious ones.
Methods

Genotyping by Sequencing
A total of 2,088 individuals were collected from 58 sample sites located along the Pacific coast from California to Alaska (S1 Table and Figure 1 ). DNA was extracted from all individuals and sequenced using a GBS method (protocol detailed in [78] ). Reads were aligned to the Coho salmon reference genome v1 (GCF_002021745.1) using bwa-mem 0.7.13 [79] . Samtools v1.7 [80] was used to keep reads with a mapping quality above 20, remove supplementary alignment and unmapped read. Variants were then   511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532   533  534  535  536  537  538  539   540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562 called with Stacks v1.46 [81] . To do so, the module "pstacks" was used with a minimum depth of 5, and up to three mismatches were allowed in catalog assembly. The module "populations" was run to produce a vcf file that was filtered with a custom python script. We performed stringent filtering to remove SNPs that were 1) genotyped in less than 60% of the individuals; 2) at a mean depth of sequencing below 7, and 3) with observed heterozygosity above 0.60, thus resulting in 93,000 SNPs. The pipeline for SNP calling is available on github at https://github.com/enormandeau/stacks_workflow/releases/tag/coho_demography_paper. Next, we removed any individuals with more than 5% missing data and finally only kept SNPs present in at least 95% of the individuals yielding a total of 82,772 filtered SNPs for 1,957 individuals. Remaining filtration was done according to the requirement of each analysis performed below. To perform explicit demographic analyses based on the site frequency spectrum, the likelihood approach implemented in ANGSD v0.930 [82] was used instead of the commonly used Stacks pipeline because it is less biased than the genotype calling approach [83] . We first used the SAMTools model [80] in ANGSD to estimate genotype likelihoods from BAM files using only reads with a minimal base quality score of 20 and a minimal mapping quality score of 30 across all individuals. We further filtered out reads with a depth below 5 and above 100. Given the high residual tetrasomy in the species, the upper bounds enabled removing the high rates of paralogs that would otherwise generate an excess of high frequency shared variants in the jSFS. We verified that such variants were effectively removed in all jSFS before ∂a∂i fitting. We further constructed 1D SFS for all localities to then compute Tajima's D value as a summary of recent effective population size change.
Genetic diversity and ancestral populations
For each sampling location we estimated the observed heterozygosity and π using vcftools 0.1.16 [84] and Hierfstat [85] . The most likely ancestral populations were identified using βST [42] . A total of 1,000 bootstraps was performed to obtain the 95% confidence intervals around the βST. Weir and Cockerham's FST estimator θ [46] was computed in vcftools. We measured the relationship between observed heterozygosity, βST, FST and the distance to the southernmost site using linear models with the lm() function implemented in R. We also verified the relationship between FST and the distance to the southernmost site using Mantel tests with 10,000 permutations. Vcftools was also used to identify singletons (i.e. variants present in one single individual across the whole dataset). Their distributions were then summed in each locality. We then computed the averaged (min, max and median) number of singletons at the regional level as well as levels of private and shared polymorphisms (S2 Fig.) . The scripts are available on GitHub at https://github.com/QuentinRougemont/utility_scripts Population structure, admixture and gene flow Levels of ancestry and admixture proportions were inferred with the snmf function implemented in the R package LEA [50] , allowing only less than 5% of missing data. We then kept a set of SNPs in approximate linkage equilibrium by removing pairs of variants with r 2 greater than 0.2 (option --indep-pairwise 50 10 0.2) resulting in 40,632 SNPs. K-values ranging between 1 and 60 were tested and cross-validations were obtained using the cross-entropy criterion with 5% of masked genotypes. The default value for the regularization parameter was used to avoid forcing individuals into groups and hence underestimating admixture. Similar results were obtained from Admixture [86] and are not presented here. The genetic relationship among all salmon was assessed using a PCA with the R package ade4 [103] based on the LDpruned dataset (40, 632 SNPs) . We used a 1% minor allele frequency (MAF) threshold and allowed less than 4% missing data. Formal tests of admixture were performed using Treemix [52] using the LD-pruned dataset of 40,632 SNPs and without any MAF threshold. An MDS was also constructed using plink and plotted with the ggplot2 [87] R package. We ran Treemix allowing up to 20 migration events and performed 500 bootstrap replicates of the best model to obtain robustness of the nodes. The "best" model was inferred after inspecting the relevant migration edges by measuring the percentage of variance explained as migration edges were added to the tree, as well as by assessing the p-value associated to each migration edge. A total 500 bootstrap replicate runs were performed under the "best" model and under a model without migration to confidence intervals.
The whole pipeline is available at https://github.com/QuentinRougemont/DemographicInference.
Inferring a global divergence history
While the ∂a∂i analyses provided valuable results regarding the demographic history and how it is confounded by linked selection and barriers to gene flow, this analytical framework is currently limited to pairwise comparisons, which does not allow painting a global scenario of the species divergence history. Therefore, we build upon the ∂a∂i models and other observed statistics to construct a global scenario of population expansions and secondary contact. This scenario was then tested using Fastsimcoal v2.6 [54] and is described in supplementary note S1.
Genetic load estimation from the GBS data set Estimating ancestral and derived alleles
We used the derived allele count as an estimator of deleterious allele count. We used the genomes of three outgroup species, the chinook salmon, the rainbow trout, and the Atlantic salmon, to classify SNPs as ancestral or derived. Whole genome data for the chinook salmon (n = 3 individuals) were provided by one of us (B. Koop, unpublished), whereas rainbow trout (n = 5) and Atlantic salmon (n = 5) data were downloaded from NCBI Sequence Read Archive (rainbow trout, SRA, Bioproject : SRP117091; Salmo salar SRA Bioproject: SRP059652). Every individual was aligned against the Coho salmon V1 reference genome (GCF_002021745.1) using GATK UnifiedGenotyper and calling every SNP using the EMIT_ALL_SITES modes. We then constructed a Python script and determined the ancestral state of the GBS SNPs if 1) the SNP was homozygous in at least two of the three outgroups, and 2) match one of the two alleles identified in Coho salmon. Otherwise, the site was inferred as missing and not used in subsequent analyses.
Measuring the deleterious load through piN/πpiS ratio
The ratio of non-synonymous diversity to synonymous diversity is a commonly used metric to quantify the deleterious mutation load [66] . To do so, we first generated aligned fasta sequences and then computed summary statistics. More specifically, for every individual, we ran GATK v4.1.2.0 on the bam file generated above following GATK best practices. We generated individual gVCF files then combined individuals into populations using the CombinedGVCFs module from GATK and finally performed a joint genotyping using the all-site options. We then reconstructed fasta sequences from VCF files for every individual by reconstructing two genomic sequences with a pipeline modified from [90] . We then used cutSeqGff.py to subsample and clean sequences considering several genomic features (CDS, introns, intergenic regions) from gff files. The resulting alignment was then used to compute the πN/πS ratio in sequences containing 4-fold codons only. We then tested a number of correlations between the load (πN/πS) and 1) πS used as a proxy of the long-term effective population size; 2) Tajima's D used as a proxy for historical change in population size and 3) distance to the Southernmost site. Significance of the correlation were tested using the lm() function in R. Plots were drawn using ggplot2 [87] . All pipelines to run GATK and compute deleterious load are available at :https:/π/πgithub.com/πQuentinRougemont/πgatk_haplotype and https:/π/πgithub.com/πQuentinRougemont/πpiNpiS .
Measuring damaging impact of non-synonymous alleles
While the computation above provides insights into the total deleterious mutation load, it does not allow distinguishing among recessive and additive load nor testing for differences in allelic frequencies. We therefore further tested differences in mutation load among populations as follows. The software Provean [68] was used to predict whether a given non-synonymous mutation was deleterious with a threshold score of -2.5 or less using the pipeline available at https://github.com/QuentinRougemont/gbs_synonymy_with_genome. We analysed the data in two ways: first we counted the total number of putative homozygous deleterious alleles per individual as well as the total number of deleterious alleles (both in homozygous and heterozygous states) using: Ntotal = 2 Χ Nhomo + Nhetero [34] . These two metrics are expected to be proportional to the recessive and deleterious load respectively [28, 65] . These individual values were then averaged per population and major regional group (i.e., California, Cascadia, British Columbia, Haida Gwaii, Thompson, and Alaska). We then computed derived allele frequencies (DAF) in all sampling locations and across mutation categories (synonymous, nonsynonymous, and non-synonymous deleterious) and tested for significant allele frequency differences among populations in non-synonymous and non-synonymous deleterious mutations using Wilcoxon rank sum tests. DAF spectra were constructed for all populations separately. For the ease of visualisation, we also constructed DAF spectra by region for a sample of size n = 100 individuals ( Fig 7A) . This size was chosen according to the smallest sample size of the three combined Haida Gwaii populations. Finally, we used SnpEff v3.4 [91] to obtain the functional annotations of the putatively deleterious variants. The annotations were comprised of missense variants, non-coding transcripts, 3' and 5' untranslated regions, 5kb up-and down-stream variants, intergenic and intronic, splice acceptor and splice region, stop gained and start loss. We found 35% of deleterious mutations to be missense variants, 38% to be non-coding transcripts and 22% to be either upstream or downstream gene variants, with the remaining being spread over the other categories.
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A permit number SIRUL 111722 was obtained to work on DNA sequences. Raw data will be deposit on NCBI together with Short Read Archive (SRA) accession number. All relevant vcf and jSFS files will be deposited on dryad. 758  759  760  761  762  763  764  765  766  767  768  769  770  771  772  773  774  775  776  777  778  779  780  781  782  783  784  785  786  787  788  789  790  791  792  793  794  795  796  797  798  799  800  801  802  803  804  805  806  807  808  809  810  811  812  813  814  815  816   S1 Table: Abbreviation, Region and coordinates (Longitude and Latitude) of each river used in the GBS data with the number of individuals provided (nb. Inds). Table: βST values along with 95% confidence intervals for each river from the GBS data (82 K SNPs). 95% confidence intervals obtained after 1000 bootstraps. S3 Table: model choice results for dadi. AIC, ∆AIC and AIC weigths are provided for each pairwise comparison and model. AM = Ancient Migration, IM = Isolation with Migration, SI = Strict Isolation, SC = Secondary Contact, the simplest models assume homogeneous migration and homogeneous effective population size. 2N suffix = heterogeneous effective population size, 2Msuffix = heterogeneous migration. Model with both suffix assumes that both effective population size and migration are heterogeneous. Model with a single suffix assumes that either migration or effective population size are heterogeneous. In one cases (Calif2 vs Thompson) the SC2N, SC2m and SC2N2m provided similar fit. For consistency the SC2N2m was considered for parameter estimates. Its parameter estimates were more consistent than those from either SC2N or SC2m.
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Parameter estimates obtained under the best demographic model with dadi. Ne1 and Ne2, effective population size of the compared pair. m1 ← 2 and m2 ← 1, migration from population 2 to population 1 and migration from population 1 into population 2. me12 and me21, effective migration rate estimated in the most differentiated regions of the genome Ts: Split Time of the ancestral population in two population; Tsc: duration of the secondary contact P: proportion of the genome freely exchanged (1-P provides the proportion of the genome non-neutrally exchanged); Q: proportion of the genome with a reduced effective population size due to selection at linked sites; hrf = Hill-Robertson factor representing the reduction of Ne in the region Q with reduced Ne.
S5 Table : Confidence Intervals obtained from the Gobambe Information Matrix (GIM).
S6 Table :
Confidence Intervals obtained from 100 dataset constructed with the coalescent simulator ms.
S7 Table : Parameter estimates and confidence intervals obtained from Fastsimcoal.
S8 Table:
Tajjim'as D value and piN/piS value observed for each locality.
S9 Table:
Summary of deleterious variation by region. 1)Derived Allele Frequency (DAF) of deleterious mutation, after averaging by rivers and then by major regional group. 2) Count of deleterious mutations in each rivers and then averaged by major regional group. 3) Number of homozygous derived deleterious mutations by individual, after averaging by rivers and then by major regional group. 4) Number of heterozygous mutations by individuals, after averaging by rivers and then by major regional group 5) Total load of derived deleterious mutations by individuals, after averaging by rivers and then by major regional group. S10 Table: Results of Wilcoxon test (Man-Whitney tests) for differences in derived allele frequencies among major groups for a sample of size 100.
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